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Jerry 1 horns on, Conference Chairman 


W onie 


Gc)od Morning Gentlemen. 


^wo^d like to officially open the Space Shuttle Propulsion Technology 
Conference and get on with our agenda and the business. 

My name is Jerry Thomson of Marshall Space Flight Center- and I am 
he Chairruan of the Propulsion Technology Workmg Group ’ I will 
serve as the Conference Chairman for the next two days. 

would like matters and general information that I 

would like tw present to you about the Conference, but first I would 

M K V, Di^ecto:- of Science and Engineering here at the 

h--e^n the fid d of 

K. Weidne"; A Or^.'^V^X V^^a s^ 
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.hinB ,„ «ach and every Le of ,hem PropoL.on dcvrcce did their 

I mention there facte merely to point out that opr profearional rpecialtv 
t.eid - Space Proptdsion - haa cotne of age and has erotvn to bj T 
dependable tool ,n our storehouse of engineering skills. All in all a 
very impressive and proud record. ’ 

But this is no time to rest on our laurels As of l=,ho ^ u- 

r tri_. •^*^oiiatc,3nevvobiGctivf* 

to furnish -^vith th'llrmfechl'^^^^^ 

applications and conce^tTr^ 

U.t'u''-'T''^°^! Shuttle Technology Conference to 

let US take stock of where we stand today in our eff As and A = u 

much still rcuna ins to be done. ^ ts and to sense how 

ob°ct‘ve! “ -PPmplishing .his 


ior the whole 'Ufair and tn ^ ^cts as the Chairman 

Vl.o have Jo -ke? •• „ .1 !, *■'<* Speakers 


<^*iiigently to make this conference possible. 


-:mm;^Ai.rrj:ciic:;y-- 

JMn,Js'';V;htn‘fnd’\o°J^r.o“'m “t"'" ■'^ASA, 

T -i 1 ts ^ ‘°‘^ltty of NASA's Shuttle 

Tc.nnulogy Program. A critically needed and'a very dlfficnU !isk. 

1 am sure [hat Del would want to make a tev. ru e c- 

Place the obfective of this conference into an eiTn shljper'ycjr"" 


Thank you, 
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Del Tischler. Director, Shuttle Technologies Office. .\ASA Headquartlr s 
Thank you Dr. V'eidner. 

Good Mornijig, Genii einen. 

This conference on propulsion and its related area of cryogenic p”opellanl 
teTl"^'?^ third of a series of conferences sponsored by OAR T on the 

. mo ogy programs which support the develrpment of the concept of a 
fully reusable Space Launch Vehicle. M m a 

you cTH it ^ dignified designation. No matter what 

? n ^ of the Earth's atmosphere 

in t" dependent on the performance of rocket equipment. And to do so 
wo ages (or less, for that matter) while carrying the thermal 
protec.ion for reentry, the lifting surfaces for aerodynamic flight, and 
. e . ,cc b fcr landing as well as a crew compartment for human 
m e igence aboard, demands the utm.ost in perfm-mance of ;),e hydrogen- 
oxyger.-.uelea rocket engines planned for this vehicle. ^ 

At the beginning of the Saturn/Apcilo program such engines were 
inconceivabxe. the technological advances since then have created a 

rnd'mm "p"'"" " ""'f ^ -gines is a matter of ' nour'i xhment 

;■ develop this equipment are due here in apprcxima'ol • 

two wee.s. While the main engines are technologically in gccd shape 
tntegraticr into the vehicle, which embodies propellant vessel, ca-go c^rr^r 

reentry body, and aircraft, still constitutes a significant nrcbler^ The ' 

propel ant feed lines in the booster stage, for e.xtmple. con tat a'' -olmne 
^ this bulk of propellants i.s a 

cotered’' Co alternately in opposite directions, must be 

oft:gtg:bi:tati^ intra. vehicular motions are not 

td mechanisms for directional control, 

the orbiter, for translation between orbits. The problems of the 

maneuvering system, both of 

ch are fed high-pressure gaseous propellants from a low pressure liquid 
propellant tank source, cannot be regarded as proportional to the thrust of 
their combustors. Our experience with the generation of h.igh pressure aas 
in flight and the use of gaseous combustion systems is extremely limited 

And so there is a lot to learn, define, and verify about such .systems in tlie 
next two years. 
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Finally both stages need to return to the launch/landing site. The orbiter 
gets there the long way, and can make it without airbreathing engines with 
sacrifice in maneuver and go-around capability at the landing site The 
booster, however, will have to bore its way through 3 50 miles of atmosphere 

.o get back to base. This joo requires good airbreathing turbojet engines 
of large size. ^ 


Until these systems work, the Space Plane, or Shutde, will go no where, 
rnus we can conclude that this conference will cover the most vital as 

well as challenging areas of work necessary to the Space Plane's succcssiuJ 
operation. 


To get on with it, may I promptly turn the 
over to Jerry Thomson of MSFC, who has 
or g^xnizing it. 


business of running this sh.cv/ 
been chiefly responsible for 


» 


t 
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Working Group Reoort 


Jerry Th<‘in sun: 


A,s you miy have noted from tiie age.nda thit Conference is divided i-uo 
five sessions. Thcv are; 


1. Maiii Propulsion 
II. Au.\iiiary Propulsion 
III* A i rb r c a till ng Propulsion 
IV. >Vuxiliary Power Unit 
V. Crycjgens 


w' . Thomsen, Chairman 
Is. Jacobs. Chairman 
W. Stewart, Chairman 
D . B e r e m and, C ha i r m -a n 


Ci. VVuc»d. Chairn-ia 


The last session, Cryogens is not a respons. bUUy of the Prop>il>>no : 
Working Group; but fall-, under the Operations Wu.vking Gr.jup, chaired 

by Mr. Sam Bedmngfield of KSC Mr. C. Wood heads the Cryogens 
sub -group. 

The last Propulsion Conference sponsored by the Propulsion I'ei hnol'.gy 
WorKing Group was held <it Bewis Research Center in .Pily. 1970. A 
great deal of the material presented at tliat .utiference covered "what we 
were going to do;" our conference tod.iy and tonurrow will pr«-sen( mm I, 
on "what has been done. " I believe that those of you who were present at 
that last Conference will be able to note that many signifuanl .icl-.o ' einenl 
h- H V e bee n m a d c sin c c* 1 a s t J id y . 

Before we get on with the technical pros.mtaA I would like cover a fesc 
charts to show the structure' of the Working Group. 
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- et Ejiii ,<„ck- 

sponsorship at ;he 1-Iorid.i Research nnd Dove^^*'' ^rcraft under Air Force RTL 

£|r&^ 

eon,p™e‘'„irj„'‘,rsro',; zt port^tds r;“ ';::™e;,r'*.rr r-' 

s “rtatu" ,irrt's,s-s’e e- ,™‘ 

ja rn-^O P 1 r procedures and criteria t!aU have been used for the 
„„ reusable rocket engine are based on those that have been u-e-d 

durSfno and r'oi?a‘i,nP,f «* W «*I»« 1«. proved 


ifffiWG ncB BON-K r.0T n..vd-a 
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XLiaii9-p-i ii: l yj.isi: 


i he acK : ncofi D#'V(*Io|);iu at Prorrani ( for Pmo > ♦ \ 

.N1.IU2.J-P-, Hcu.sablo ,,„ck« Knem. waj 1: ,! 

contract from iho /\ir Force Itockct I’ropulsior I ,-,o rv ' t> c \ 

(iemunsrrator i rc shown in table I. ^ 


Nomina] Thrust 


Minimum Delivered 
Specific impulse 
Dfliciency 

Throttling Range 


Ov’errdl Mixtun 
Ratio Range 

Rated Chamber 
Pressure 

Engine Weight 
(With 75:1 Nozzie) 


Expansion Ratio 


Durability 


Single Continuous 
Run Duration 

Engine Starts 

Thrust Vector 
Control 


Control Capability 


Propellant 

Conditions 


Envirorunental 

Conditions 


Engine Vehicle 


250.000- lb vacuum thrust \/ith an-a ratio of igp:! 

244.000- lb vacuum thrust with aroa ratio of 75:1 
^09,0u()-lb Sea level thrust with area ratio <>f 55:1 

shifting at nominal thrust- 
94 ,1 of theoretical shifting during throttling 

Continuous from 100 to 20 7 of nominaJ thrust 
over the mixture ratio range 

Engine operatTon from 5,0:1 to 7.0:1 


2740 psia 

3u20 lb (with flight-type actuatr^rs and engine 
command unit) 

33 SO lb (less flight- t\pe actuators and engine 
command unit) 

Iww-position boo.stc>r-t>pe nozzle with area ratios 
of 35:1 and 75:1 

10 hours time between overhauls, 100 reuses, 

300 starts, 300 th.ermtd cycles, 10,000 valve '.cycles 

Capability from 10 seconds to 000 seconds 


^jultij)ic lestart at sea lc\'ci or altitude 

Amplitude: :7 deg; 

Rate: 30 clcg.^sec; ^ 

Acceleration: 30 rad sec" 

-_3;c accuracy in thrust and mi.xturo ratio at nomintd 
Minist. Excursions from e.vremc to extreme in thrust 
and mixture ratio within 5 sticonds. 

LO2; 16 ft N'l-'bH from 1 atmosphere Ixiiling 
temperature to 180°R 

I.H2: GO u XPSH from 1 atmosphere boiling 
temperature 45 °R 

Sea level to vacuum conditions 

Combined acceleration: 10 g axial with 2 g transverse, 
6. o g axial with 3 g transver:;e, 3 g axial with 
o g transverse 

The engine wul receive no external power, with the 
oxcepiio.i of nonnrd electr.cal power and 15uo-psia 
helium, from the vehicle 


•13 pRECniCN' 


r.I. 


;0T FlI 


ir «rr,ina'.-nv.nt of the .lemonstr-.tor onKmo i;. :-:hou-P 

cycle, the preburner pi oducv's hot f’’el- ri< h c amoustior 

tur.;-)f.uirm3, and ihese Ki“ses are b> rnr-fl ir ‘"V ' of the 

hol'ir /f K - «^rc Ournrd ir e rruin burner chamber wit> thp 

balance of the oxjgen to produce thnist, A two-,)r.,.ition translatipr L. ' . f. 

1 . -xttnded (Por economy, the two-posiiion nozzb^ used in th^^ 

mockup was only a partial length noz-.lo, not the full length nozzle. )' 



FIGURE 1. DEMONSTRATOR ENGINE AI. RANG EM ENT 
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i k'.lT.L 2. iiCUKMAi lC DIAt JtAM or FLOW 



FIGITIE ?. Fl LL-vSCALF KNGJNF MCX:KUP 



1 . 


Component Test Results 




a. I'reburner Test Rig 

• •. ^ consisting of the preburner o.xidizer valve, the inje^'tor -iml 

Igniter, the housing and cooled liners, and a main burner simulatir'was' tssem 
b ed as shown in fignre 4 and tested. ObjocUves of these tests wenm 1 ^ 0 " d 
profile, combustion stabilitv, combustion efficienev, simu-* 
lated engine starting and durability of the haxdware. dVentv-two test- ve^e 
conducted between August 19(i0 and April 1970, and a summar- of the test re- 
sm s IS presented in table If. These tests showed that the temnerauire profile 
on the last senes of tests is suitable for continued testing with the fuel turbo- 

?t*intcd" ComW?^^ combustion stability was also demon- 

intr i^n ■' efficiency was demonstrated to be quite high and aiiproach- 

for the ha‘" Simulated and hardware durabilitv 

for the basic components was shown to be satisfacto.w. Figi.re 5 is a rilot of ‘ 

the preburner mixture ratio profile that was attained 'in a run at 71^1 ‘thrust and 
at an equivalent engine mixture ratio of 7. 0, 







FIGURE4. PREBURN’KR TEST RIG 
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figtare?® Thif 5^4 Program sch«lale is shown in 
ngure •*. mis 54-ironth program was divided into five basic nhT?n« tk^ 
first phase, which was comnleted f^ariv in lariQ ^ ^ ' *cs. The 

data to complete the technologv n“cessarv to analytical 

D-aring the second phase, which o:vJed in the lattc!fp^rUon'?J' rj^g Ti^fhe 
components were designed. The taird {)hase»which was the fabHc-‘ - ^ ' 


CZI (Supporting TesJl 


Design ] 


Component Ccvefopmeni 


Engine Test 


l^’iight bofine Definition I 


1 rjov 

1967 1968 


1969 1970 , 97 , 

CALENDAR YEARS 


FrGlIU:6. XLR129-P-1 DL-MOXSTIiAT 


Olt EXGIXE PHOGHAM 
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b. 


Main Case 


Ib'ocurement of raw material for the outer main case and i:\br\c'\iion of 

»phc.,‘c .IJ",™ 

^ ‘ cantccl-componcnts version after clesi<ni studies and inodr.l 

‘ "‘’Pl^'nar version was selected becau^x it 

t^hrnsM ^>'if'K-u*-^tion considerin|r the inner duct desiKii, coolbi- 

ma‘ handlm«. and assemMy and manufacturing. Fi.mte 7 slu‘v!^T how the 
.ijor components plufi' into the main case. I'imire s shows an ir'ern d ii m- 

a 0...C sa ula or installed. I nc intersecting .sphere desien was selected to 

SS3&^SS«Fi^^ 

to laOO psi(i and 375,000 pounds. Heure 9 shr.u/« ihr ’ ^ equal 

stress coat to indicate arLs of high ^ress Fr.ur^" wUh 

..f .1,0 .ran*;, ion case with the In.oSal 
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nCURK 7. MAJOR COMPONENT PLUG-IN TO MAIN CASE- 



nCURE 8. SCHEMATIC DIAGRAM OF EXTERNAL FLO W 
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2 . 


Fuel Turbopurr.D Test Results 


l^e fuel turbopump is a single shaft unit witli two back-to-back centrifugal 
pump stages driven by a two-stage, pressure-compounded turbine. The turbo- 
pump shaft IS located radially by two roller bearings and cAiallv by a double- 
acting thrust balance piston. The fuel turlxipamp delivers liquid hvdrogen at" a 

r.7 desigr point Stte 

' tufbine delivers approximately 49, 900 horsepower 
to the pump and operates at a minimum inlet temperature of 1980 ’R and TmLi 
mum ndet temperature of 2292«R at lOO'f Uinist. One of tlie fuel turbopump 
ip.sornblies that was tested is shown in fi^re 11, 
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Three Riel turbopump rigs were tested for a total of 488. 7 seconds run 

summ arized in table III! ObTecU^es 
^ aetermine the pump performance, the thr st balance • 

fnn< 7 -^ r excursions were conducted from 50% to 

100% of pump speed. The pump performance was better than predicted the 

»"<! action performance waa al^obeSer 
than predicted. Figure 12 shows numerous test points for overall Dumo effi- 
ciency compared to tne predicted values. The test efficiencies were higher 

eificiencies. Rgure 13 presents two typical flow exclr»ions 
tv^o 5^ tne pump discharge pressure varied as the now varied during ’ 

j... ’ . IS a plot of the fuel turbopump test data obtained at the 

dSed vafues°'^' approach the pre- 


# 
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DISCHARGE PRESSURE • psi (Thousands) 








4 


0 



nc.l UK . Tl UBOPIMP TKST DA lA I'LO r 




3. Powerhcnd Test Resul ts 

The hot gas system, was tested first during May and June of 1970 consi^t- 
mg of U,e preburner injeetor. preburner oxidizer valve, oxidiztr pump shnul^Sor 

^ nozzle back pi essure plate mounted on the transition 
ca„e. Figure 15 shows this hot gas system mounted on the test stand. SLx com- 

feaslbilitv^lf TirthP system which demonstrated the 

f .; mIc ^ the hardware with hot gas that simulated engine conditions. The 

obtiin^I ^ Pi'esents a summary oi the test daUa 


fnr successful tcsts, the fuel turbopump was then substituted 

-or thv fuel pump simulator, and this powerhead or hot gas system rig assem- 
bl> is shown in fipre 1C. One of the principal objectives of the second power- 
head was to qualify the fuel turbopump turbine with hot gaa for engine operation 
R)g opera‘ion up to 75" of rated preburn<>r conditions was attained. Table V 
summarizes the second series of pcwert.ead tests. The hardware w-as in good 

iw n' lr These tests .lemonstrated the feasibil- 

ity o. the integrated components, ami particularly, the combination of the 
transuion case and the fuel turbopump turbine under hot gas conditions Fiir- 
u-e 1. sliov.s a flow schematic of the E-8 test stand that was used to tcLt the 
hot gas system or pow'crhcad. 



*^101 Rii 15. HOT G-.S Sl'STFM MOUNTED ON TEST STAND 
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FIGURE T6. HOT GAS P.IG ASSEMBLY SCHL’MATIC 
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LH2 



LO2 
900 g9l 
5900 psia 


FIGURE 17. E-9 FST STAND 
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• 1 . 


Coniponont Housabilitv 
turl>ojc>t .■iisinos or rockei engines begins in the initial 

f *ir. IS achieved through endurance reliability and durabuVy 

tcs ing. At Pratt & W'huney Aircraft relialnlity and dependability are influ 
ontial considerations from the start of design^ntil the e;ign.m is 
sciuce. There are certain specific cornixinent life factors that have received 
close a tention on the XI 1U29-P-1 reusable rocket engine. These co~nt 
life factors are: wear, fatigue, low cycle fatigue and creep. 


rubbing contact becomes a dominant factor in the desi-m 
of such parts as turbepump shaft-seals and shutoff valve seals. Pratt & 
U..itney Aiicrati has conducted extensive valve seals tes»s under Air Force 
Conti act to imiirove the life of these seals. For example, the main cham.ber 

exi'di/er n”' buttertTy *-.alvc. incorporates a shutoff seal for the 

' ' to rtaif! burner injector. To accommodate this shutoff 

runt^JrLr''^ ^^floctexJ so that an uninter- 

lup cd disk scaling surface would be provided. Incorpor Scion of the shutoff 

nia/n'chi’mi '’^^'■‘'\':“^‘”'tnates the need for a separate shutoff valve between the 
n am c lumber oxidizer valve ;uid the main burner injector. A test ri^ was 
made for the purpose of environmental endurance tests on various designs of 

bo r.i'" conducted bv submergin -■ 

the \alve in liquid nitrogen or liquid argon and pressurizing with mtru«en to“ 
internal pressure of 50 to (JOOO psig. miiu„cn lo 

The valves were cycled at these conditions, and valve seal leakages were 
measured periodically. For the latter tests, liquid argon was selected for t-.y 
cr^'ogenic bach to ensure that all of the nitrogen lealcage \'atxiri 7 cd at the vale 
external ambient pressitre. This tillowed satisfactory steady-state leakage 
measaremem accuracy for all data points. The objective of the leakage tests 
wns to obtain a seal design that would have less thrm 10 sees leakage. A 
typical endurance test would consist of 10,000 shutoff cycles and 500 pressure 
cycles. A satisfactory hoop seal was developed with a configuration as shown 
in ii^re 18. Teas hoop seal was silver plated and had a 0. 010 in tight fit on 

^ disassembly of the main chai^iber oxidizer 

^\e seal rig. Figiire 20 is a typical leakage curve versus shutoff cycles with 
.he hoop shutoff seals. As a result of these tests a satisfactory seal^s 
devdoped wWch showed that wear could be controlled to attain a 10-hour life 

n 200 pressure cycles. This tjpe of 

seal Will be used on the main chamber oxidizer valve. 
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FIGUKF 18. SAIISFACTORY HOOP SEAL CONFIGUJIATION 
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A IpIITJ? 'f*. 



/ 



FIGIH?: 19. 


MA.7s CH.AM13KR OXIDI/.Ef} VA..VE SEAL RIG 
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b. Fatigue 

^ part is subjected to a cyclic stress belotv the elastic 

imit for millions of cycles, becomes a ciominam. factor in the desicn of certain 
propcHant cooled bearings operating under high load v/here 
each time the ball or roller passes a point on a bearing race a stress i= im- 

' "'‘r after the bearing or roller has passed. At high 

lotational speed, with a large number of balls or rollers in the bearinr, many 
millions of cycles can be accumulated in a short period of dme. A roller 

program was conducted at Pratt & Whitney Aircraft, and 
p_i f, bearings were tested and evaluated for use in the XLR129- 

imum HN nf turbopump roller bearings operated ai a max- 

^ ‘O" X rpm. The bearings operate in a liquid 

S SoDumD°"TT‘ provided by the propellant being pumped in the 

be c u ^ f capability of testing two 

-rings simultaneously at speeds up to 62,000 rpm with radial loads up to 

2-i00 lb. Figi re 21 shows a cuUiway of the roller Ijearing test ri- that was 
used. During Phase II of the advanced '.Icvelopmcnt program, a Total of ^'5 
hours of test lime at 48,000 rpm was accumulated. These tests were con- 
( ucted to evaluate the effects of roller length to cliam.eter ratio, roller end to 
side rail clrarancc, internal clearance and roller crowning on roller end 
wey and bimring durability. During all these tests, a 1700-lb radial load was 
applied to the load bearing resulting in approximately M45-lb radial load on 
tho bearing. Five bearing configurations were developed that passed 

the 10 hour goal test duration at the design operating eonflitions. Therefore 
It can be concluded that fatigue on the race of the bearing ean oe controlled 
through proper design to attain the desired 10 hour life. Fimirc 22 shows a 
ro Cl bearing after 15.3 hours of test. The most promising hearing confi'^- 
uration tested used stainless steel (AMS 5G30) inner race and rollers: an ^ 
outer race guided Armalon cage; a steel alloy (AMS 6265) outer race, single 
crown, L/D = 1.0 rollers with 0. 020 in. roller end to inner race, side rail 
clearance and 0.0043 in. negative diametrical internal clearance. Bearin'cs 
ot tius configuration will be used in the XLIU29 fuel turbopump. 
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c. Low-Cvcic FctUj^e 

L..w-c\vl, fatlKue is also a major factor in the design of rocke" encine 
pos^l u, .no high icmpcrhtur., hca. rapidly'^d «p Jd 

“Th^d.^ ““PO-Oire BrXpfaTes’ult Ip 

htressf s. rhf thermal process reverses dtrln? the shutdown f 

the eomi«n.mts that heat^xi rapidly during engine operation now cToi rapSlv 
^d many ol the components that heated slowly now cool gradually Thfs^e’ 
suits ,n stresses dropping to low levels. Some may even reverslprldicinr 
compresstv* stresses. Therefore, with each i(xn;tfnr, o., i 
shutdown and cooldown, the engine is subjected To large stresTvarLuo^^'^^'’’ 
consisting of both high tensUe and compressive stresses Tow cvelT f^f 

ot“c‘h“r.h: 

h ...h ' T XLR129-P-1 engine consists of two tubular 

{ V\IS e material selected for the coolant tubes was Inconel 625 

bro 7 f* i" V-’ ^ niatcrial can be tormed into tapercxl tubes and is easily 
13 a/,ul. Inc primary nozzle coolant tubes were sized by analytical conside.r- 
ons of cmpcraturcs ai,d the fatigue cycle life requirements. The tubes had 

time "TJeTo /T " '0-hour totaToperatiig 

i V ^®'^'Oycle requirement is actually more severe. This had to he ^ 
defined from low-cycle fatigue tests, which were conducted by Pratt &\vhitnev 

piujppipg X', 

“““ accomS X 

ssss'aip 

bS,w“ 300 -T temperatures ale malnta'Sd 


D 
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figure 23 . 


tubes brazed 


TO stij' fener blocks 


C2RAMIC 

iN‘:cV. ‘TOR 


/ 

") * 


/ induction 

HEATKH 
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Figure 26 shows a relationship between the str^^Qc u i 

material to creep 1% at 1800“F SimiHr Hato it takes this 

tures. Through proper desL anH hv available at other t^mpera- 

a one-percen/crL^Mef Tt fs -t'lain 

tUTDine blades and vanes in jet engines. This teclfnnf^^^ ^ 

to the attainment of long life on th? tu~bines 'tH v oirectly applicable 

rocket engine. and vanes oi Ute reusable shuttle 


d. Creep 

cccur.^arS doesTnTrl^^.^’^’''"^^^^ ^ temperature environment wUl 

aUoy tor th, turbiofM^d 'o TOO p rtlS temperatur. 

and exceUent fatigue and creep resfstScenf f “^“lum strength 

P ance at metal temperatures up to 2000 ®F* 



TIME - hr 

FIGURE 26. STRESS VS MATERIAL CREEP 
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t MKANY: ROCKETDYNE, DIV. OF NORTH AMERICAN ROCKWELL CORP. 

NASA PROJECT MANAGER: CHARLES MILLER 
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The assumptions made in the development of the turbopump flow model are 
listed in the accompanying chart. The model was designed to compute turbopump 
blade cavitation and does not account for blade tip clearance flow cavitation. 

Tip cavitation could have a significant effect when considering unshrouded blades 
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ACOUSTIC CAVITIES AND INDIVIDUAL RESONATORS USED AS DAMPING 
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As initially defined in the contract, the objectives oi this stud 
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General Hiustration of Bellows Flow Excited Behavior 


% 


/ 



ZQ7 


very high velocities, local convolute bending modes may be excited 
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Vortex Activity On 
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Conccot of Vortex Force on Bellows Vibrating In The First. Lonnitudina! Mode 




ILLUSTRATION OF BFLI OWS FLOW INDUCED STRESS MODEL 
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Illustration of Bellows Flow- induced Stress Model 



LABORATORY BELLOWS DYNAMIC STRAIN 
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SwRI Test Bellows #105 
Water @75“ F 

First Longitudinal Mode 
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BEL.LOWS DYNAMIC AMPLIFICATION VALUES 





Dynamic Amplification Factors for Various Bellows Applications 
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Stress Indicator - ( Cf Cep<|Q/N|, ) ( h/t )' x W’psi 
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Stress Indicator - Fatigue Life Correlation for Bellows 
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Illustration ot Bclicvvs Acoustic Resonance Fhenoncna 
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Bellows flow excitation is caused by structure-vortex coupling potential 
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Space Shuttle program objective of providing an economical 
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ABSTRACT 

A low frequency stability model has been developed to represent the 
case where one or more of the propellants used in a rocket engine is a com- 
pressible fluid. Results for two oxygen - hydrogen rocket combustors are 
discussed. Also included is a discussion of the predicted effects of mixture 
ratio and propellant temperature. 

IHTRODUCTION 

The motivation for developing a model which treats the particular case 
of compressible reactants was an inability to predict the trends noted in 
stability of a gaseous hydrogen - oxygen rocket engine using the conventional 
low frequency models such as the type discussed in Reference 1, which were 
specifically developed for liquid propellant systems. Experimental data such 
as shown In Figures 1 .and 2 indicated that increasing the fuel injector pres- 
sure drop reduced the staMlicy of gaseous propellant rockets. The trend 
toward reduced stability margin with Increased injector stiffness is Just the 
opposite to predicted trends of current models. 

Previous treatments of the problem of low frequency lnstab\lity gener- 
ally postulate a model based on the conservation of mass and assumed that all 
slgniricant energy release is coincident with conversion of liquid r'^actants 
to gaseous products. It was also assumed that the dense liquid propellants 
occupied a negligible volume on entering the chaitber. making it possible to 
ignore their effect on chamber pressure the instant they enter the chamber. 

It was not until the reactants were gasified and reacted that their presence 
was felt, and these two events were assumed to occur simultaneously. 


The analysis presented here takes a somewhat different approach in that 
the conservation of energy law is invoked as a means of determining the Ma- 
bliity of a system. By so doing, it is possible to separate the effect 
gaseous reactants have on chamber pressure the instr-.t they enter the chamber 
and their effect vhen they arc converted to products. 
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TECHNICAL DISCU S S I ON 


general - Consideration of the low frequency feed system coupled sta- 
ability characteristics of a rocket engine using gaseous propellants intro- 
duces some analytical complexity beyond that of an equivalent liquid system. 
However, of more importance are the questions concerning the stability of such 
a system as compared to a liquid propellant system. The questions are prompted 
y the fact that tne gaseous system generally requires larger injector orifices, 
which improves acoustic coupling between the feed system and the combustion 
chamber. The injection velocities are higher with consideration being given 
to velocities approaching the speed of sound of the injected gases. It is 
also interesting to note that the tuned gas cavities, such as resonators and 
quarter-wave tubes, have been used to stabilize an engine. If such were the 
case with a gaseous feed system, this would imply that it would be desirable 
bo maintain good coupling between the feed system ond the combustion chamber- 
an approach just the opposite to that t^ken for liquid systems. 

The basic difficulty in developing a stability model for gas - gas or 
gas - liquid combustors is the problem of separating the effect of ga.ses as 
they enter the combustion chamber, and their effect when they combust. The 
propellants could react at the instant they enter the chamber or after they 
have been in the chamber for sufficient time to mix. diffuse, or reach a 
critical temperature. In order to overcome this difficulty, it was necessary 
to use both the conservation mass ana energy equations to develop a character- 
istlc equation for determining the stability of a s-stem. This approach 
Mlows for an accounting of the energy added by the gases as they enter the 
chamber separately from the release of chemical energy when they react. The 
gases, as they enter the chamber, are considered to be isentropic perfect 
eases, possessing both internal arc flew energy. The enthalpy of the gases 
includes only the internal and pressure, or ratential. energy of the fluid, 

and not the chemical energy associated with each propellant in going from 
reactants to products. 


The chem::cal energy released by the reactants is simulated by a heat 
located _n the chamber. The quantity of energy released per lb of 
reactants is the difference between the energy levels of the fluids entering 
and leaving the chamber. In this way. it is possible to avoid a detailed 
description of the Intermediate processes. 

In addition to the unsteady energy release associated with the per- 
ur e ow, a second scTorce of energy is included which is developed using a 
near ze Arrenhlus rate function to describe this source of energy. The 
nc usion of this source turn was prompted primarily based on trends observed 

n experimental data from gas - gas rocket testing. A block diagram of the 
entire model is i;hown in Figure 3. 

BNSIEMY n.OW EFFECTS - Starting flr.t with the flnU eht.rleg the 

r « =r. there ate three soeree. of unsteady energy fl„„ the ehanher 

associated with each of the . .. 

ai.e liiSL i.ii tnat energy convected 
in with the perturbed flow which is given by 


E' 

X, 


V7' e 

X X 


( 1 ) 


The energy per unit mass of the fluid, . is given by 



( 2 ) 


The perturbed flow can be described by a feed system 
chamber pressure, P'^. where is defined as 


admittance, 


Y^, and the 


Y 


X 



( 3 ) 
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The feed syste. admittance. Y^. is. in general, complex and a function of the 
P yslcal properties of the propellant, the pressure drops in feed system, and 
the dynamic characteristics of the feed lines upstream of the injector. 

In order to make the analysis as genera’ as possible and yet not so 
complex, as to make interpretation of the results impractical, two types of 
feed systems are considered. The first feed sy.stem considered is one which 
is terminated upstream pf the Injector by an "open line" - the open line 
being representative of a feed line which terminates in a propellant tank 
having a diameter several times larger than the feed line. The second type 
of termination considered is a closed line, which is Indicative of a feed 

line with a sonic flow control nozxle or a high pressure drop point upstream 
of the InJ ec tor . 

The starting point In both cs.es Is the scon.tlc »ave equation and the 
«»entu. equation. For the case ol „„ fjov effect, and no distributed 

Axne pressure arops , the wave equation is 

V^p a i-B 
C^3t^ 

and .the momentum equation is 


VP 


p ^ 

^ dt 


Transferring the above equations to the Laplace domain, it can be shown that 
t e admittance for a constant area duct la given by 



* ‘ r; '■vy 


where is the admittance at • 0. 


i 8 C' C " Tan — — l 

xy xo C ‘■xy 
xy 


(4) 
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In order to make the feed line representative of an actual rocket 
engine feed system, the system is assumed to be as shown in Figure 4, with 
the restriction in tho line representing an injector orifice. The assur.prion 
of an *‘open** and a '^closed*' feed line » 0) represents the two 

possible extremes encountered in a rocket engine. Only one of these cases, 
the ’’closed" feed line will be discussed «< 


CLOSED FEED LINE TERMINATION — The closed feed line termination, in 
the acoustic sense, is one where the velocity perturbations are zero or very 
nearly so. Under this condition, from the definition of admittance 



it can be seen that « 0 and « «>, Flow conditions which approach a 
closed end or solid wall would be the position just downstream of a sonic 
plane, a high pressure dr.9p. orif?ce, or a normal shock. All of these condi- 
tions can exist in a gaseous p opellant feed system. 


From Euaation (4)^ it can be seen that, tor G = 0. 

ox 



i 


g P 


a 

xy xy 


Tan 



L 

xy 


(5) 


In SOind f TCiX\ r H 1 '4 no ^ n >*1^ On 4 ^ — _ 

^ - — .w k.j V.S- vw* xL’.xci. , uiicsjLc xs usuaxxy a 

large pressure drop. Using the orifice flow equation (Ref 2). 


W V U 7 

2 x^ 2 x . ‘^Ix^lx 

lx ^ ‘?.x - 2 g - T^T-g 


P - P 


lx 


( 6 ) 
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txp^nding this equation in terms of its steadv ^ 


^Jji 


-1 


8 II - -y^ H^\| 


K -fl 
c 


lx 


2x 2 A 


lx 


-2 


lx 2 A, 


lx 


'* ''.x * *1. 


(7) 


l'’ritlng the equation of motion for 


the orifice gives 


/r. ^ . rf ^ 9 A .* 1 w_ 

^ 2x “ A, = -^ =, / 2x. . 

>X 2x at ^ g ^ dt ^ 

“l‘r;,tlT“?“' 

““en Is transferred to the. Laplacian domain 


( 8 ) 


Pi T .. 

- S (. ‘2x 

wi~ “ - i^-- + 

^ 2x '^2x 


2x 


(9) 


If it Is 


assumed in Equation (7) thoL over the dis 


tance, Z 


0 

3t ^ ° 


Chen 


w: = W' 

2x 3x 


( 10 ) 
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which gives, from Equations (7) and (9), for S = :.u 


Letting 


P * 
3x 

3x 


-1 


1+K 

« “ * «Ll 


K +1 


lx 


2x 2 A 


lx 


lx 


U + 


lx , 
2 A, 


lx 


'"lx ^lx^lxSx> ^x 


i cj 

« ''2X 


(11) 



(12) 


The flow energy convected in with the perturbed flow becomes. 


from Equation (1) 


xl 


e y 

X X 


^3x 


(13) 


A second source of perturbed energy entering the chamber with the 
that convected in with the mean flow and is given by 


reactants 


is 


E'. = W e' 
xz XX 


(14) 


The p.rtutb.d «„„gy p.p p, prop.lu„t 1. gi„p„ by p.rtprblpg the energy 
eqaution and assuming constant heat capacities 


e + e * 
X x 


_ P + P» 

C (T + T') + — 

VX X x' - 


i ^ "x * "x)' 


p + p ' 
X “^X 


2g 


(15) 
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and assuming the gas is isentropic and applying the snail perturbation restric 
tions gives for the perturbed energy e' 



(16) 


noting v; Is t|.s .t th. Injsctor orlUc. „u. a ralatlon 

ship for can be derived 


W = (p V' + V p') A 
XX X o 


( 1 /) 


the perturbation velocity, is given by 


1 V A g 

1 (Y. - p. 

xy 


V* « 

^ ‘x 2 

p A ^ 

XX 


(18) 


Substitution of Equation (18) into Equation (16) 


elves 


^ ' 
X 


Y -1 V P 

[^h 

Y X 

8 A 


V A g P' 
(Y^ - ^~)] ^ 

a P 

X c 


and finally substitution of Equation (19) into (14) gives 


(19) 


■ "a 1 Sg - 


V P 
^ c 

p A g 

X X ^ 


V A g p* 
p 


(Y . - -"^~-) ) 


( 20 ) 


The third and most important, in terns of the amount of energy added 
by the incoming reactants, is that energy released when the reactants are con- 
verted to products. Previous analysis of this type (Ref 1) have assumed that 
the energy released by the reactants can occur at times other than when the 
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reactants enter t.e chamber. This time delay, which Is generally referred to 
as the total time lag, is intended to physically represent the time required 
to complete the precombustion processes such as r.aporization in the case of 
liquid reactants, gas phase mixing, heat-up periods, or any of the many pre- 
combustion processes associated with reactants whicu are not premixed. This 
synthesis is devised to avoid the complexities of mechanistic representation 
of processes, which are, in general, difficult to determine in a rocket engine. 
This assumption is retained in this analysis. This analysis deviates from the 
approaches of Reference 1 in that the perturbed reactants flowing into the 
chamber are assumed to combust Independently of each other. This assumption 
was mace for two reasons: the first being that it would seem physically more 

rep-esentative of what could occur rather than assuming the two perturbed 
flows concurrently arrived at the right time and under the right conditions 
to react with each other. The second reason was that the previous approach 
did not show sufficient gain in the system tc sustain a low frequency insta- 
bility ir a number of rocket engine systems where low frequency instability 
had been observed. 


Using the above assumptions, the following representation is developed 
for the energy released by each of the reactants: 


E', - r. W i 

x3 X X c 


( 21 ) 


where C is an amplification factor resulting from the fact that the perturbed 
reactant flew reacts in its steady-state counterpart and the net perturbed gas 
generation rate is the sum of the perturbed flow plus the amount of its 
counterpart with which it reacts, which is assumed to be available from the 
steady flow. The degree to which each perturbed reactant is assumed to inter- 
act with the steady state reactants is dependent on where the steady state 
mixture ratio is relative to the stoichiometric mixture (SR), if the steady 
combustion is fuel rich, all the perturbed oxidizer is assumed to react at the 
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stoichiomeCric mixture ratio, 
which oxldiicer is available, 
which gives 


SR. and only a portion of the perturbed fuel for 
It is assumed thu amount available is W = W' R 


C = <SR + 1) 

'o SR 

and 

Gf = Ir (SR + 1) 

If the steady state mixture ratio results in oxidizer rich combustion 

G - (SR 1) 

C R 


and 


G. = SR + 1 


The energy release associated with each o<^ ^ . 

'' - xo tnat associated 

With the energy release at the Stoichiometric mixture ratio AH giving 


E* » G W AH 
XJ X X c 


( 22 ) 


Referring to Equation (12), W' is given 


by 


'^v - T„) * Y 


P; (t - T ) 

C X 


(23) 


vhete Is ths eli»e dslay ketuceti Injection end combustion of psrtlculsr 
element of propollsnt. Substitution of Equetlon (23) Into Equ.tlon (22) gives 


• S 'n “«c 


(24) 
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TEMPERATURE SENSITIVE COMBUSTION - ResuK. of analytic! wcrX indicate 
(Reference 3) there is a dependence of engine stability on mixture ratio 
ttempts to show this type of trend using only the representation for the 
-rgy added by combustion Just discussed were unsuccessful. For this reason, 
a second source of energy of combustion is Included based on reaction Kinetics. 

s particular mechanism was selected primarily because it is phvsirally 
plausible With gasebus propellants, and the experimental and analytical work 
n cated that deviation from stoichiometric mixture ratio tends tc degrade 
the stability of a gaseous rocket engine. 


Ihe approach used in developing an u 
start with an Arrenhlum rate function based 
given by 


4ifi>t.eady energy release rale Is co 
on an asf5amfed first-order reaction 


dt 


N 

n c K 

j«=i ^ 


(25) 


V •( u.. 


K •= B e 


E /RT 
a 


^' 26 ) 


B, the frequency f.ceor fro. the klnerl, theory of gee... he. been .hove 
o be e function of the reeotenti Involved end Is sl.o ptofortlon. I to the tra- 
perature of the reactants; thus, for a given reaction 

A » B t“ 


where a. in general, varies between 0 and 1 and is commonly assumed to b- eqti.i 
to 1/2 and B is a constant and a function of the reactants. 
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It tt 1. .=su..d that tha fv.cion, V of each ooastituant 1. 
conatanc within the chanbat and noting that the oono.ntratlon I, glvon by 


c * -i— e. 

1 :iw. 


then substitution of Equation (26) a.id (27) into (25) gives 


n N 1/2 -E./RT 


or for a two species reaction 


^ . L! g ,1/2 /a''”c 

dt MW ® ^ ® 


Defining Q' as the energy release rate and aalng snail perturbation aasu.p- 
tions to expand Equation (28) gives 


Q • - Q ^ 1 j r. 

P RT ^ T 

c c 


wher- Q is given by 


Q - (AH^] 


Dslng the Itintrople relationships, E, nation (29) baton. 




' F 


ha. been developed thu. far are ana.ytloal etpros.Ion. for the flow and 
internal energies of the r.attant. entering the thanb.r and the unsteady en.tgy 
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released when the reactants are converted to ptoducts. all of which are 
expressed as a function of the perturbed chamber pressure. What remains to 
e determineo is the unsteady energy being stored in the chamber and the 
unsteady energy leaving the chamber via the sonic exhaust no.zle. 

Considering first the energy leaving the cnaitber. E' 


^ + »T 

From Equation (16) 


(31) 


*' 


Yzi h* I 4. V V 

X, ^ a. • ■ 


* » 


(32) 


where the (••) is used to designate conditions 


at the sonic plane of the chamber. 


bl“ir for snail Hath nn.b.rs In the to.- 

bust ion chamber it can be shown that 


1 t — 


(33) 


Noting that 


w* - (p* V*’ + V* p*') A 


(34) 


The following relationship can be developed for E’ 


_ 3y^-1 


V 

h 

2g 


pi 

c 


(35) 
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Considering m.xt the rate of 


energy stored in the chaaber 


d E 

c ^ 

dt ~ dt 


c c c c 


( 36 ) 


d E j '■ 1 — p’ 

“ dF h^ . £ h^) 

c 


(37) 


From the conservation of energy 


^ol + K7 + E’ + E- + E' + E! 


d E 


ol -02 - *^03 - *^fl " "f2 ^ Qc = ^ 

Expressing Equation (38) in the Laplace domain gives 

*^ol (S) + E;^ (S) + E^3 (S) + (S) + E*3 (S) + - E>(S) 


(38) 


'c N' 


S E^ (S) 


(39) 


whftie E^(S) is the initial perturbation energy in the chaj,'.her. 


Frov the above equations, the characteristic polynomial. K G H (S) . can be 

determined, and the Nyquist criterion used to determine system =t«hn:tv tn 

conventional control loop notation, the various components of the systlm are 

shown in Figure 3. It should be noted that the system, as treated in this 

analysis is a positive feedback system with a characteristic polynomial ratio 
in the form 



K G (S) 

1 - K G H (S) 


(40) 


Thu., the criterion le thet the gelu „et be greeter thee 

one and the phase equal to zero degrees. 
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RESULTS 

CO»P«,ISO» EXPERUOTAI. RESaLIS - T.bl. I Is . Us. „f th, „p„l- 

-P«sl s„d prsdlotsd „s„Us tor too rookst o„gl„. t„„|>„,tors Oslo* or, geo . 
y togoo propoUants. One o£ the oombostots ohich was the power source o£ e 

t»rbopu.p operates at a clrture ratio In the range o£ O.eo at chamber pressures 
in exctiss of 2000 psia. 

The agreement Is quite good in terms of the resulting stability char- 
acteristics and the predicted frequency of Instability. At each of the fre- 
quencies listed the Nyquist criteria of zero phase was satisfied. The fre- 
quency at which the gain is greater than 1.0 would be the observed frequency 
of instability. ^ 

Iha sacond group of test results were obtained from a oxygen - hydrogen 
engine which operated at no.ln.l cha.ber pressure of 500 psi. over the «lxture 

ratio range of 3.7 to 9.8. The agceeaent between experimental and analytical 
results are also quite good in this case. 

The actual svstem pressure drops and propellant temperatures were used 
as nput to the modal in making the predictions listed. 

In all cases evaluated the time lag between the oxidizer Injection and 

combustion was assuiied to be n om „ , . , 

... ;==utdi.us. For the .iuel the tine lag was 

assumed to be zero. 


It was also necessary to assume an effective activation energy. A review 
o the literature indicated a value in the order of 25000‘‘R was reasonable. 

This value was used for all cases analyzed. 

parametric study - In evaluating the results from the analysis two 
versions of the model were evaluated. This first included all energy terns 
with the exception of the energy addition due to a non-unsteady rate of 
reaction given by Equation (30). The second version Included all terms. 

Sever.il parametric studies were made in each case. 
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For CI .0 v.„Ioo wUhoor r.t. .o.aUoo Ioc:„.J.O, ,(£„>. of =,„oro 
ratio aad propollart lol.t f.oporafo,. „.,o ov.Ioaf.o. Tf, l,al o, to, ro,„,f. 
obr.lnod for a rocUt oo*,„. c.ra . f.rf . f 1 - , „„,f „of„, p,. 

PropolUot. lodlo.fod i„ t.bl. II are ...o™ 1,. 

tesuUa, three elgrlflcant trend, v.re noted, the flrot, vhut, 1. indicted 
by the reenlte shovn In FI, ore t, I. that Io» (tecnd, stability I-j.-o.,., 

Wlci. a decrease in :r,ixture ratio, laproved stability is also obt.alnrd by 
increasing propella.nt temperature while maintaining a constant inje.tor pres- 
sure drop, the improvement being m:,st notlceaole at low mixture ratios where 
propellant enthalpy la slgni-'icant relative to th,it added by combust ion. 

The parametric studies of the same rocket engine with the rate function 
ncluded were identical to the previous results with the except ton that the 
tren with mixture ratio was revers .-d in that stablU.y dec eased w*th decreos- 
ng mixture ratio (figure B) and the effect of oropeliant Inlet Is ror -s ^r- 
nounced as can be seen from Figure 3. .a with the case wltn no conbustlo,/. the 
ffect of propellant temperature Is more pronouned at low mixture ratios. 
During all the above paramebr'c studies injector pressure drops were held con- 
stant which would be reoresentative of a design study of a llxed pressure drop 


A parametric study was also made for the cace w.ete the Vetor design 
was fixed and the propellant inlet temperature was allowed to vary. For this 
rase the increase in propellant temperature resultccJ i \ ^•'cri *"■' \ 
sure drop. Two conditions wore considered, one where che fuel and oxidirer 
time lags were equal, and the other where the fuel tlr,<t lag was zero. The 
results are shewn in Figures 9a and b re.spectlvely along wlt.h the constant .■ F 
cases. Figure 9b is reoresentative of the experirentaJ results discussed pre- 
viously in that system stability was decreased with Increasing fuel tm^ctor 
pressure dr^p. 
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NOMENCLATURE 


Speed of sound, in. /sec 
2 

Orifice area, in. 

Kinetic theory frequency factor 

Constant pressure specific heat capacity, 

* • 

Constant volume specific heat capacity, in 
Concentration 

Specific energy, in.-lb^/lb 

f m 

Energy flow rate, in.-lb^/sec 

Gravitational constant, lb “ft/lb.-sec^ 

f 

See Equation 16 

Enthalpy, in.-lb^/lb 
f m 

Imaginary 

Orifice flow constant 
Rate constant 
Orifice length, in, 
leed line length, in. 

Integer 

Pressure, Ib^/in.^ 

Rate of heat added due to reaction, in, -lb, 

r 

Mixture ratio 
Laplacian operator 
Temperature, ®R 
Time, sec 
Velocity, in. /sec 


in. -lb. /lb -^R 
f in 

.-Ib^/lb -‘’R 
f m 


/sec 
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NOME NCLATURE (cont.) 


W Mass flow rate, lb /sec 

m 

2 

Y Feed system admittance, lb -in. /*Lb^-sec 

tn f 

y Mass fraction 

2 

AP Pressure drop, Ib^/in. 

P Density, lb /in.^‘ 

m 

Y Specific heat 

T Time lag, sec 

a Rate equation constant 

u> Angular frequency, rad/sec 

Superscrip ts 

Steady state quantity 

* Unsteady quantity 

* Sonic plane value 

Subscripts 

a Activation energy 

c Ch a Tiber 

Y Constant volume specific heat 

p Constant pressure specific heat 

o Oxidizer 

f Fuel 

T Total flow rate 


N 


Nozzle 


TABLE I 


PREDICTED VERSUS EXPERIMENT RESULTS 


Stable Tests 


Turbopump Combustor 


Unstable Tests 




Predicted 

Observed 

wcin 

-'ilia 

Gain 

Freq 

935 

935 

750 

780 

760 

770 

730 

74C 

720 

1.0 

1.0 

0.78 

0.86 

0.78 

0.76 

0.79 

0.87 

0.63 

1470 

840 

810 

850 

950 

950 

940 

850 

1.95 

1.27 

1.34 

1.40 

1.02 

1.02 

1.03 

1.24 

1500 

875 

770 

1250 

950 

950 

750 

800 


Stable Tests 
Predicted 


Ilia 

850 

800 

740 

760 

770 

760 

750 

760 

750 

730 

750 

760 

760 

750 

780 

760 

770 

790 


Gain 

0.57 

0.49 

0.80 

0.78 

0.77 

0.81 

0.88 

0.73 

0.80 

0.86 

0.84 

0.82 

0.87 

0.91 

0.76 

0.95 

0.81 

0.74 


500 psi^ Engine 


Tests 

Pred icced ~ “'Observ^' 

liia Gain Free 


750 

750 

760 

040 

720 


1.0 

800 

0.98 

800 

0.98 

800 

1.13 

740 

0.93 

800 
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table II 


CHARACTERISTICS OF 

Effect of Mixture Ratio 
Injector Oxld, iP 

o 

Injector Fuel, L?^ 

t * 

Chambfei; Pressure 
Throat Area 
Oxid Orifice Area 
Fuel Orifice Area 
Fuel Temp 
Oxid Temp 

Propellants (Fu^l/Oxid) 

Effect of Propi^llant Temp 
Same as Above Except 
Mixture Ratio 
Fuel Temp 
Oxid Temp 


PARAMETRIC STUDY ENGINE 

45 

70 

500 

5.6 

Variable* 

Variable 

300“R 

500^R 

iiyd r ^gen/ Oxygen 


5.0 and 1.0 

to lOOO^R 
500®R to 100C®R 


*Varied to keep AP^ and AP^ constant 
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Figure 5. Effect of Mixture Ratio 
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Figure 6. Effect of Hydrogen Temperature 




MIXTURE RATIO 

Figure 7. Effect of Mixture Ratio 



HYDROGEN TEMP 


Figure 8. Effect of Hydrogen Teaperature 
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Variations of internal toolii:g 
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FINAL SIHUIAIED IMPELLER SAMPLE SHOWING 
COMPLETE BOND ASSEMBIY BEFORE LAY UP 
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PHOTO MICROGRAPH Of NON BOND AREA 
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BEFORE BONDING OR AS RECEIVED 
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IMPELLER CORE‘S 
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PREBOND lAYUP Of COMPLETE IKPEllER ASSEMBLY 
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IMPEllER AFTER CHtMICALlY MIllED 



Ceramic Stressccat. Burst. «nH Test 
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"ADVANCED THRUST CHAMBER (NON-TUBULAR)" 
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TOPICAL APPLICATION'S FOR LONG LIFE ENGINES 



TVPICAl APPIICATIOHS 



program to define design criteria for determining 
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FA3RICATI0K CONCEPTS (SPL7^/14AC3t INED.^IXCTROFOJOIED) 



5PUH IIHER WITH ElECIROFORMHD NICKEL CLOSURE 


V 




FABRICATION CONCEPTS /POWDER METALLURGY NICKEL 









REPRESENl’ATIVE PARAMETERS IN NON-TUBULAR CliAMBERS 



illustrated in a subsequent chart 
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CYCLIC LIFE ANALYSIS EQUATION 
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CYCIIC IIFE AHAlYSiS EQUATION 
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T/PICAL EXAMPLE - LIFE ANALYSIS OF POINT DESIGN (THROAT PLANE) 
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ISOTHERMAL FATIGUE TESTS 



Test variables are illustrated and explained in detail on the next chart. 



isoiherm;i fatigue tests 
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TEST VARIABLES - ISOTIJERiJAL FATICIT TESTS 



r.(te^ and tt-rptratures. 










USJ5 OF ISOTHERMAL FATIGUE DATA TO 
PREDICT FATIGTO CHARACTBRTSTICS 
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USE OF ISOTHERMAL FATIGUE TEST DATA TO PREDICT THERMAL 
FATI6UE CHARACTERISTICS OF THRUST CHAMBERS 
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NOTCHED STRENGTH RATIO (H;/He) FOR VARIOUS ALLOYS 
IN 10,000 RSI HYDROGEN AT ll”? (25“C) 
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TEMPERATURE, ®F 

NOTCHED STRENGTH VS TEMPERATURE FOR EF NICKEL IN 1200 psi Hj 
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ELECTROFORMED NICKEL 

ROOM TEMPERATURE TESTS 
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NOTCHED STRENGTH (K,=8) VS TEMPERATURE FOR UDIMET 700 
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